The ability of adherent cells to form adhesions is critical to several phases of their physiology. The 37 assembly of adhesions is mediated by several types of integrins. These integrins differ in physical 38 properties, including rate of diffusion on the plasma membrane, rapidity of changing conformation 39 from bent to extended, affinity for extracellular matrix ligands, and lifetimes of their ligand-bound 40 states. However, the way in which nanoscale physical properties of integrins ensure proper 41 adhesion assembly remains elusive. We observe experimentally that both b-1 and b-3 integrins 42 localize in nascent adhesions at the cell leading edge. In order to understand how different 43 nanoscale parameters of b-1 and b-3 integrins mediate proper adhesion assembly, we therefore 44 develop a coarse-grained computational model. Results from the model demonstrate that 45 morphology and distribution of nascent adhesions depend on ligand binding affinity and strength 46 of pairwise interactions. Organization of nascent adhesions depends on the relative amounts of 47 integrins with different bond kinetics. Moreover, the model shows that the architecture of an actin 48 filament network does not perturb the total amount of integrin clustering and ligand binding; 49 however, only bundled actin architectures favor adhesion stability and ultimately maturation.
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. By contrast, clustering is not independent from EIL and is promoted when EIL is low ( Fig 3D) . 157 In the model, when active, integrins can bind free ligands and cluster, when in close proximity of 158 a ligand or another active integrin, respectively. Since the number of ligands is higher than the 159 number of integrins, the probability for an integrin to find a free ligand is higher than that of finding 160 an active integrin. Therefore, clustering increases less with EII when EIL is high than when EIL is 161 low ( Fig 3D) . This indicates that integrin clustering and ligand binding are competing mechanisms. 162 Together, our results show that different arrangements of nascent adhesions can be achieved 163 depending on EII and EIL. When we use high EII and low EIL, as for b-3 integrins, clustering is 164 enhanced, and ligand binding reduced; when we use high EIL and low EII, as for b-1 integrins, 165 clustering is reduced, and ligand-binding promoted. Thus, the competition between clustering and 166 ligand binding can be determined by the integrin type. However, b-1 and b-3 integrins also differ 167 in their rates of activation, which can lead to differences in this competition, by promoting 168 clustering at high EIL. Therefore, we next aimed to understand how activation rates, combined with 169 variations in EII and EIL, impact clustering and ligand binding. 171 Competition between integrin clustering and ligand binding can be determined by the difference 172 in activation rate between b-1 and b-3 integrins. By varying ka from 0.005 s -1 to 0.5 s -1 , our model 173 shows that both clustering and ligand binding are promoted ( Fig 4A-B ). Using EII = 5 kBT and 174 varying EIL from 3 kBT to 11 kBT, clustering is independent from EIL ( Fig 4A) , while overall ligand 175 binding increases with EIL ( Fig 4B) . Clustering is mostly set by the strength of pairwise interactions 176 between integrins, EII. It can be promoted by low EIL. and high ka, leading to a higher number of 177 integrins able to diffuse and cluster ( Fig 4A) . Ligand binding is proportional to EIL at all ka. In 9 experiments, variations in integrin activation rate are tied to variations in ligand binding affinity, 179 making it unclear whether it is ka or EIL that determines organization of nascent adhesions. Our 180 model shows that the rate of integrin activation set the level of the competition between ligand 181 binding affinity and strength of pairwise interactions ( Fig 4A) . 182 Experimentally, Mn 2+ or antibodies are typically used to modulate ligand binding [55] [56] [57] [58] . Both 183 of these approaches, however, not only increase ligand binding affinity, but also the lifetime of the 
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Rate of integrin activation increases clustering and ligand binding
Distribution of tension on integrins depends on bond dynamics 191
Since nascent adhesions transmit tension between the cytoskeleton and the ECM, we next asked 192 how mixing integrins with different load-dependent bond kinetics impacts ligand binding and 193 transmitted tension. The ß-1 and ß-3 integrins both behave as catch bonds that differ for unloaded 194 and maximum lifetimes ( Fig 2C) [49, 53 ]. In the model, an increase in the percentage of ß-1 195 integrins while keeping the rest as ß-3 integrins, increases ligand binding from about 5% to 35% 196 when using actin flow speeds below 15 nm/s ( Fig 5A) . The percentage of ligand-bound integrins 197 is in direct proportion to the amount of ß-1 integrins ( Fig 5A) . At actin flow speeds below 15 nm/s, 198 traction stress and flow rate are positively correlated, while at higher flows they are inversely 10 correlated ( Fig 5B) , in agreement with previous findings [61, 62] . Interestingly, variations in the 200 relative fractions of the two integrin types do not affect the average tension on each integrin-ligand 201 bond ( Fig 5B) . Below 10 nm/s actin flow, the minimum separation between ligand-bound integrins 202 can be decreased from about 120 to 10 nm by increasing the fraction of b-1 integrins ( Fig 4C) .
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Stable adhesions, with minimum separation between ligand-bound integrins of 70nm, form with 204 at least 20% ß-1 integrins ( Fig 5C) . Together, our results show that the relative fractions of b-1 205 and b-3 integrins cooperate with actin flow to determine ligand binding and adhesion stability. Fig 6E) . The number of ligand-bound integrins with a separation less than 70 nm is 220 enhanced using a bundled network architecture ( Fig 6F) . This suggests that the probability of 221 11 adhesion stability and ultimately maturation is higher with bundled architecture relative to both 222 crisscrossed and random distributions of actin filaments ( Fig 6F) . Since different integrin types exist in nascent and mature adhesions ( Fig 1B) , a computational 230 model is developed here in order to understand if differences in nanoscale physical properties of 231 integrins reflect on adhesions. This is largely untested by experimental approaches because it is 232 very challenging to simultaneously distinguish between integrin types and isolate their nanoscale differences between the two, or estimates from previous free energy calculations.
245
For high EIL, many active integrins bind ligands and the fraction of integrins that can diffuse, and 246 cluster, is reduced ( Fig 3D-E) . Accordingly, this happens when the fraction of ß-1 integrins is 247 higher than that of ß-3 integrins ( Fig 5A) , since ß-1 integrins have higher ligand-binding affinity 248 than ß-3 integrins [46] . By contrast, with many free diffusing integrins that have low EIL, and are 249 less likely to bind ligands, the fraction of integrins that can encounter each other, and cluster is 250 13 enhanced and reduces ligand binding ( Fig 3D-E) . This happens when the fraction of ß-3 integrins 251 is higher than that of ß-1 integrins ( Fig 5A) and can also depend on the higher diffusion coefficient 
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In order to distinguish between b-1 and b-3 integrins, we examine the effect of varying integrin 318 activation rates, motility, ligand binding affinity, clustering, and bond kinetics (Fig 2A-C) . By 319 varying the relative amounts of b-1 and b-3 integrins, we analyze fractions of ligand-bound 320 integrins, clustered integrins, and average tension on integrin-ligand bonds (Fig 3-5) . Moreover, 321 we study the effect of different actin filaments architecture on adhesions morphology (Fig 6) .
322
The model is an extension of our mechanosensing model [5] but differs from it in several ways. 323 First, each integrin exists in either active or inactive state, determined by activation and 324 deactivation rates. Second, the model incorporates tunable parameters for integrin physical 325 properties, allowing us to discriminate between integrin types. Third, explicit semiflexible actin 326 filaments are included.
327
Computational domain 328 The computational domain includes two main systems: a square bottom surface, of 1 µm per side, 329 and a rectangular 3D domain above the surface, with dimensions 1 x 1 x 0.04 µm (Fig 2A) . The where l is the equilibrium length of 0.1 µm, l is the spring constant of 100 pN/µm.
376
Each spherical particle of a filament represents a binding site for integrin and each binding site can 377 interact with multiple integrins. force is applied on ligand bound integrins, along y ( Fig 2B) . Lifetime of the bond between integrin 426 and ligand follows the catch-bond formalism (Fig 2C) , using: for ß-1 integrins an unloaded affinity Positive feedback between filament binding and integrin activation 441 To mimic promotion of integrin clustering upon ligand binding and actin filament engagement 442 [65], we introduce a positive feedback between binding of integrin to a filament and integrin 443 activation rate. In the model, integrins can bind a filament only if already bound to a ligand particle.
444
Upon binding to actin, integrin activation rate is increased by 2 to 4% relative to its initial value. [65]. We use the model with the positive feedback (schematics in Fig 2D) to test the effect of 448 different actin architectures on ligand binding and clustering ( Fig 6) . 
